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I N T R O D U C T I O N
Most neurons in cortical area V1 of primates respond vigorously to an optimally oriented stimulus within the classical receptive field (CRF) (Hubel and Wiesel 1968) . These responses are often modulated by the copresence of stimuli surrounding the CRF (Allman et al. 1985; Blakemore and Tobin 1972; Das and Gilbert 1999; DeAngelis et al. 1994; Kapadia et al. 1995; Knierim and van Essen 1992; Lamme 1995; Levitt and Lund 1997; Li and Li 1994; Maffei and Fiorentini 1976; Nelson and Frost 1978; Zipser et al. 1996) . These modulatory effects parallel many well-known examples of the influence of context on visual perception .
One major focus of studies of visual context has been textural cues that distinguish different regions of an image. Differential orientation of texture elements (see Fig. 1 ) is a potent cue for perceptual segmentation (Bergen and Julesz 1983; Caputo 1996; Foster and Westland 1995; Li et al. 2000) and has a marked influence over orientation judgments (Mareschal et al. 2001; Sekuler 1965; Wehrhahn et al. 1996; Westheimer et al. 1976) . Similarly, responses to oriented CRF stimuli have been found to be stronger in the presence of textured surrounds that promote perceptual segmentation (orthogonal lines) than in the presence of surrounds that do not promote segmentation (parallel lines) (Cavanaugh et al. 2002; Fries et al. 1977; Gilbert and Wiesel 1990; Knierim and van Essen 1992; Lamme 1995; Levitt and Lund 1997; Li et al. 2000; Nelson and Frost 1978; Zipser et al. 1996) .
Luminance contrast polarity is also a robust segmentation cue. Image features that are darker than background are readily distinguishable from features that are brighter (see Fig. 1 ). In human psychophysical studies, differential contrast polarity has been shown to facilitate target detection (Wehrhahn and Dresp 1998) and to improve orientation discrimination (Kooi et al. 1994; Wehrhahn et al. 1996) . Although previous neurophysiological studies have investigated the effects of luminance contrast amplitude of textured surrounds on CRF responses in V1 (e.g., Hegde and Felleman 2003) , polarity effects have received scant attention.
Another interesting but rarely studied issue is the extent to which contextual cues have interactive effects. This issue has considerable behavioral significance, because dissimilar surfaces usually differ in more than one aspect. One study representative of this genre found that chromatic differences distinguishing a visual motion signal had a marked positive influence on perceptual and neuronal responses to motion Albright 1997, 1999) . Luminance contrast polarity differences have a similar effect on perceptual sensitivity to motion (van der Smagt and van de Grind 1999). Simply stated, these studies reveal that the effects of one cue may depend on the state of another. We posited that such a rule might hold for the contextual effects of orientation and contrast polarity on the representation of orientation.
We tested our hypothesis by recording responses of V1 neurons in alert rhesus monkeys and by assessing orientation sensitivity of humans. In accordance with previous reports, we found that extra-CRF stimuli (masks) resulted in suppression of responses to a CRF stimulus (target), but that either differential orientation or polarity between target and mask reduced the magnitude of suppression. Similarly, masks impaired perceptual judgments of orientation, but the impairment was smaller if there was a difference between target and mask orientations or polarities. Combined orientation and polarity differences yielded effects that were no different from the effects of either cue alone. Despite the observed similarities between the averaged neuronal response rates for the different cue conditions, however, we found that the masking effects elicited by these different conditions occurred with different latencies. These findings refine our understanding of nonclassical receptive fields.
M E T H O D S

Neurophysiological experiments
SUBJECTS. Two adult rhesus monkeys (Macaca mulatta, one male and one female) were used in this study. Subjects had normal color vision and no significant refractive error. Experimental protocols were approved by the Salk Institute Animal Care and Use Committee, and conform to U.S. Department of Agriculture regulations and to the National Institute of Health guidelines for humane care and use of laboratory animals. SURGICAL PREPARATION. Procedures for surgery and wound maintenance have been described in detail elsewhere (Dobkins and Albright 1994) . In short, a head post and a recording cylinder were affixed to the skull using stainless steel rails, screws, and dental acrylic. Chambers were positioned above area V1 (ϳ11 mm lateral and ϳ16 mm posterior to the midsagittal and interaural planes) to allow for a dorso-ventral electrode trajectory. A search coil for measuring eye position was surgically implanted in one eye using a variation of the method of Judge et al. (1980) . After surgical recovery and attainment of criterion performance on the visual fixation task, a craniotomy was performed to allow for electrode passage into area V1. All surgical procedures were conducted under sterile conditions using isoflurane anesthesia.
VISUAL STIMULI. All visual stimuli were generated using a highresolution graphics display controller (1,280 ϫ 1,024 pixels, 8 bits/ pixel) operating in a Pentium class computer. Stimuli were displayed on a 21-in analog RGB video monitor (Sony GDM-2000TC; 76 Hz, noninterlaced) . A second computer managed the stimulus computer and behavioral data acquisition and also monitored eye position. Visual stimuli were viewed from a distance of 60 cm and were presented for 500 ms on each trial.
The stimuli used for our experiments were constructed of two basic components: target and mask. The target component consisted of a single line that was of the optimal orientation (assessed by means described below) and presented in the CRF of the neuron under study. Line width was 0.1°and length was adjusted such that the line remained within the CRF boundaries (but never exceeded 0.7°). The target was presented on a gray background (10.2 cd/m 2 ) and was either brighter (86.2 cd/m 2 ) or darker (1.26 cd/m 2 ) than the background. Target luminances were chosen such that the absolute value of Michelson contrast between target and background was 78%, regardless of contrast polarity.
The mask component consisted of a 7 ϫ 7 rectilinear grid of 0.7 ϫ 0.1°lines, the exact positions of which were randomly assigned on each trial (such that individual lines never overlapped one another) about grid coordinates in a 6.5°square patch. All lines in a given mask were of the same orientation, which was either parallel or perpendicular to the orientation of the target stimulus. As for target lines, mask lines were presented on a gray background and, for a given mask, all were either brighter or darker than the background. Luminances and luminance contrasts (with respect to background) of the mask lines were drawn from the same values as those used for target lines. A circular region (2-3°) in the center of each mask contained no mask lines and was identical to the gray background. This region was centered on the CRF of the neuron under study to ensure that all mask lines remained well outside the CRF. This central region (partially) occluded some of the more central mask elements, thus changing the element density near the target compared with further away. However, it was superimposed on all mask types in the same manner to ensure that element density could not affect neuronal responses to the various target-mask combinations differentially.
Target and mask components were combined to yield a total of 14 stimulus conditions, 10 of which are shown in Fig. 1 . Two stimulus conditions simply consisted of optimally oriented target lines of each contrast polarity (bright, dark) presented without a mask. Eight additional stimulus conditions resulted from the conjunctions of three main independent variables, each of which had two values: 1) contrast polarity of the target with respect to background (bright, dark), 2) contrast polarity of the target with respect to polarity of the mask (same, different), and 3) orientation of the target with respect to orientation of the mask (same, different). Thus for each target contrast polarity (columns in Fig. 1 ), the five principal conditions were 1) target-only (to): mask absent; 2) no-cue (nc): mask present, orientation and polarity same as target; 3) orientation-cue (oc): mask present, 1. Schematic depiction of the principal set of stimulus conditions used to assess neuronal and perceptual effects of surround masking. Our stimulus conditions contained 1 or both of the following components: target and mask. Target consisted of a single centrally positioned line. Mask consisted of an irregular array of oriented lines surrounding the target. Targets and masks were presented on a constant background of intermediate intensity (gray). The 10 stimulus conditions shown fell into 2 groups (columns) depending on whether the target was brighter or darker than background. Within each group, the reference condition consisted of the target presented alone. Four additional conditions within each group consisted of conjunctions of 2 variables that defined the relationship between target and mask along the dimensions of orientation and luminance contrast polarity. Target and mask could be 1) same-orientation/same-polarity (no-cue mask), 2) different-orientation/samepolarity (orientation-cue mask), 3) same-orientation/different-polarity (polarity-cue mask), or 4) different-orientation/different-polarity (double-cue mask). Not shown are 4 additional (group-independent) conditions, which consisted of masks presented alone. orientation different from target, polarity same; 4) polarity-cue (pc): mask present, polarity different from target, orientation same; and 5) double-cue (dc): mask present, orientation and polarity different from target.
Four conditions (not shown in Fig. 1 ) consisted of the four possible masks presented alone [bright/same-orientation (as CRF preference), dark/same-orientation, bright/different-orientation, dark/different-orientation]. The neuronal effects of these four mask-only conditions were used to screen data for further analyses.
Finally, for a subset of recordings, four additional control conditions were added to assess the effects of mask luminance independently of orientation. For these controls, the mask consisted of a uniform gray 6.5°square patch, which matched the average luminance of either the bright or the dark mask.
BEHAVIORAL TASK. Monkeys were seated in a standard primate chair (Crist Instruments) with the head post rigidly supported by the chair frame. The behavioral task simply required subjects to fixate a small (0.12°) centrally located spot for the duration of each trial. Each trial began with the appearance of this fixation spot on the video display. After ocular fixation was achieved and held for 500 ms, the stimulus appeared for 500 ms, after which the fixation spot remained visible for another 100 ms. Trials in which eye position was maintained within 0.5°of the fixation spot were concluded with a small (0.15 ml) juice reward. A trial was aborted immediately if eye position deviated from the fixation window at any time, and a 1-s time-out ensued. Eye position was sampled at 500 Hz using the magnetic scleral search coil technique (Robinson 1963) .
ELECTROPHYSIOLOGICAL RECORDING. The activity of single units or small multi-units in V1 was recorded with tungsten microelectrodes (FHC, 3-M⍀ base impedance), which were driven into cortex using a hydraulic micropositioner (David Kopf, model 650). Neurophysiological signals were amplified using standard equipment (Bak MDA-3 amplifier) and spikes detected via an on-line template matching algorithm (Alpha Omega). Digitized spike times (as well as eye position signals) were recorded on a computer using the CORTEX program (Laboratory of Neuropsychology, NIMH), which was also used to control stimulus presentation.
RECEPTIVE FIELD MAPPING AND INITIAL ASSESSMENT OF ORIENTA-TION SELECTIVITY. Most cells studied were situated in the superficial layers of area V1 (revealed by electrode depth and pattern of activity encountered along each penetration) within the dorsolateral operculum of the left occipital lobe. All had CRFs located within the central 5°of the lower-right visual field [mean eccentricity: 2.9°Ϯ 0.86°(SD)]. CRF locations and boundaries were determined using the minimum response field method (Barlow et al. 1967) , which involved moving a bright or dark bar over a gray background while amplified neuronal signals were played on an audio monitor. For a subset of cells, basic properties of the CRF were subsequently assessed using an automated sequence of dark and bright flashes: Small dark and bright squares (0.10 -0.22°square) were flashed for 100 ms at random locations in a square grid (1-2.0°centered on the hand-mapped coordinates) followed by a 100-ms pause. For each presentation of a square, the exact eye position (within the fixation window) was determined and the grid shifted, so that the grid center remained at the same coordinates with respect to the eye-position. As noted previously (Albright and Desimone 1987) , the minimum response field and automated methods yielded very similar estimates of CRF boundaries. As an extra safeguard against intrusion of extra-CRF stimuli into the mapped CRF, four additional conditions containing only a mask were included. Neuronal responses to these mask-only conditions were used to determine eligibility for further analysis. After the CRF was mapped, orientation tuning was assessed using stimuli consisting of small lines (0.7 ϫ 0.1°, bright or dark) oriented from 0 (vertical) to 160°in 20°steps.
ASSESSMENT OF MASKING EFFECTS. Once the CRF location, dimensions, and orientation selectivity were determined, we examined the effects of a variety of surround masking conditions on the neuronal response to an optimally oriented CRF target. With few exceptions (e.g., loss of unit isolation or loss of behavioral control), the responses of each neuron were recorded using a minimum of 10 presentations of each stimulus condition. The measure of neuronal response used for comparison of the effects of different experimental conditions was the mean spike rate computed within a window extending 40 -540 ms after stimulus onset.
CRITERIA FOR INCLUSION IN DATA ANALYSES. In order for a neuron to be included in the masking analyses, the data had to satisfy three requirements. First the cell had to be tuned significantly around the orientation that was used for the masking experiments. A Rayleigh test of randomness was thus applied to all orientation tuning data. Only those cells reaching the criterion of P Ͻ 0.05 were included in the next analysis. The second requirement was that mask-only conditions yield no significant change in neuronal activity. More specifically, we included only those cells for which mask-only conditions did not yield a response (assessed during the period 40 -100 ms after stimulus onset) that was significantly different from spontaneous activity (assessed -20 to ϩ40 ms relative to stimulus onset; Wilcoxon signed rank test; P Ͼ 0.05). This 40-ms cut-off was chosen because that is the average response latency of V1 neurons in our sample when presented with a CRF stimulus. The third requirement was simply that data be obtained for a minimum of six presentations of each relevant stimulus condition.
MASKING INDICES. We computed a series of indices to quantify the effects of surround stimuli (mask) on suppression of responses to CRF stimuli (target). These indices were computed separately for bright target and dark target conditions. Each index consisted of a contrast measure computed between responses to specific stimulus conditions. The terms used to compute these indices were thus the response rates for the five conditions in each column of Fig. 1 : R to ϭ neuronal response elicited by target-only condition; R nc ϭ neuronal response elicited by no-cue condition; R oc ϭ neuronal response elicited by orientation-cue condition; R c ϭ neuronal response elicited by polarity-cue condition; and R dc ϭ neuronal response elicited by double-cue (orientation ϩ polarity) condition.
GENERAL MASKING INDEX. The general masking index (GMI) reflects the degree to which masks suppress the neuronal response to the target, independent of the type of mask used. The index was computed as the contrast between the target-only response (R to ) and the average of the responses obtained under the four mask conditions (R nc , R oc , R pc , and
SPECIFIC MASKING INDICES. For each neuron we computed four specific masking indices, each of which reflects the contrast between the target-only response and the response elicited by one of the four masking conditions: No-Cue Masking Index (MI nc ) ϭ (R to Ϫ R nc )/ (R to ϩ R nc ); Orientation-Cue Masking Index (MI oc ) ϭ (R to -R oc )/ (R to ϩ R oc ); Polarity-Cue Masking Index (MI pc ) ϭ (R to -R pc )/(R to ϩ R pc ); and Double-Cue Masking Index (MI dc ) ϭ (R to -R dc )/(R to ϩ R dc ).
We used these specific masking indices to test hypotheses about the effects of segmentation cues on relief from masking suppression. Specifically, we statistically compared (ANOVA with multiple posthoc comparisons) the values of all pairs of indices across the neuronal population. Thus a comparison of MI nc versus MI oc revealed the degree to which the orientation cue yielded relief from masking suppression caused by a no-cue mask. Similarly, the MI nc versus MI pc comparison revealed the degree to which the contrast polarity cue yielded relief from masking suppression. The MI oc versus MI pc comparison revealed the degree to which masking relief afforded by orientation differed from that afforded by contrast polarity. The MI nc versus MI dc comparison revealed the degree to which the double-cue mask yielded masking relief. Finally, the MI oc versus MI dc and MI pc versus MI dc comparisons enabled us to assess the relative effects of single-versus double-cue masks on relief from suppression.
ANALYSIS OF RESPONSE TIMING IN AVERAGED PERISTIMULUS HISTO-
GRAMS. We evaluated the timing of certain key events in the neuronal responses to different stimulus conditions in an effort to identify the sources of inputs to the recorded neurons. In doing so, we endeavored to determine the times at which PSTHs (averaged across neurons) differed from one another and from baseline. To establish that curves were significantly different, we binned (10-ms bin width) the spikes in each averaged PSTH and performed paired t-test on the number of spikes in each bin for all desired PSTH comparisons. The times of occurrence of differences between curves (P Ͻ 0.01) were thus established at 10-ms resolution. However, to facilitate viewing of persistent differences between averaged PSTHs, which would otherwise be hampered by visual noise, we plotted the PSTHs at 20-ms resolution and used a Gaussian kernel (20-ms SD) to smooth the curves.
We stress that a rigorous quantitative analysis of event timing was only applied to PSTHs averaged across the neuronal population. Low firing rates, and consequent lack of statistical power, prevented use of these methods for PSTHs from individual neurons.
Human psychophysical experiments
SUBJECTS. Three subjects (1 female and 2 males) participated in these experiments. Two of the subjects were naïve as to the purpose of the experiment. All subjects had normal or corrected-to-normal acuity.
VISUAL STIMULI. Stimuli were generated using a standard VGA graphics display controller (GeForce 2 MX; 640 ϫ 480 pixels, 8 bits/pixel) operating in a Pentium class computer, and using software developed by Dr. G. Westheimer, (University of California Berkeley). Stimuli were displayed on a 21-in analog RGB monitor (Iiyama Vision Master 500; 76 Hz, noninterlaced). The voltage/luminance relationship was linearized independently for each of the three guns in the display (Watson et al. 1986 ). Stimuli were viewed from a distance of 6 m in a dark room (Ͻ0.5 cd/m 2 ). As was the case for our neurophysiological experiments, the stimuli used for human psychophysics were constructed of two basic components: target and mask. These components were themselves similar to those used for neurophysiology, but had the following exact specifications. Background luminance of the monitor was 10.4 cd/m 2 . Target and mask lines were either brighter (86 cd/m 2 ) or darker (1.25 cd/m 2 ) than the background, yielding Michelson contrasts of 78.4 and Ϫ78.5%, respectively. Target line length was 0.8°, which is 0.1°l onger than the longest target lines used by us for single V1 neurons and approximately the size of multi-unit or aggregate single-unit RFs at the target location in monkey V1 (e.g., Hubel and Wiesel 1974; Van Essen et al. 1984) . The mask was 5°square and composed of 7 ϫ 7 masking elements, each 0.7°long. These masking elements were either vertical or horizontal and the position of each was randomly jittered about a mean grid coordinate (avoiding overlap). A 1 ϫ 2°r ectangular window was placed in the center to exclude the masking pattern in the immediate vicinity of the target. Stimulus presentation time was 80 ms.
Target and mask components were combined to yield a total of 10 stimulus conditions, which are analogous to the 10 conditions used for neurophysiology that are shown in Fig. 1 (the primary difference being that masking lines for psychophysics were always either horizontal or vertical). The four mask-only conditions used for neurophysiology were omitted from the psychophysical experiments.
BEHAVIORAL TASK. Subjects were required to judge small differences in the orientation of a target presented at 2.9°eccentricity in the presence or absence of a variety of masking stimuli (see Fig. 1 ), while fixating a small central fixation spot. Subjects initiated each behavioral trial by a button press. After a 1-s delay, the stimulus appeared for 80 ms. Subjects viewed stimuli with both eyes and were required to report (via button press) whether the target line appeared to be tilted clockwise or counterclockwise with respect to vertical. Subjects were well able to perform such a task with vertical serving as an implicit reference (see Li et al. 2000) , which prevented the need for additional explicit reference stimuli that might have influenced the percept of the target. No feedback was given. The method of constant stimuli was used to determine orientation discrimination thresholds. Seven target orientations were employed, which included true vertical and three orientations each to the left and right of vertical (spanning a range adjusted as required for each subject to obtain threshold measurements). Conditions were presented in a randomly interleaved fashion. Data presented herein were collected following a training phase that was continued until psychophysical thresholds became stable. Each data point is based on Ͼ270 responses collected over at least 2 days.
R E S U L T S
Neurophysiological experiments
We recorded from a total of 239 V1 neurons in two monkeys. Most of these cells were presumed to be of the complex type because they were recorded from the superficial layers in V1 (Alonso 2002) . Moreover, the CRFs that were mapped by the automated procedure did not show any sign of disparate ON and OFF regions. One hundred fifty of these neurons (28 multi-units and 122 single units) met our criteria for full analysis. A total of 124 cells were tested with a bright target; 69 were tested with a dark target. Forty-three cells were tested with both target polarities. (The initial choice of testing with a bright or dark target was quasi-random. As it turns out, the number of cells that met all of our criteria for inclusion in the data analysis differed for bright and dark targets.)
Representative neurons: forms of response suppression and stimulus dependence
Our stimulus conditions enabled us to examine directly 1) the extent to which placement of an oriented texture mask in the CRF surround influences the response to a CRF target, 2) the dependence of any response masking on mask orientation relative to target orientation, 3) the dependence of any response masking on mask polarity relative to target polarity, and 4) the existence of any additive or interactive effects of relative orientation and polarity.
Bright target conditions
The cell displayed in Fig. 2 , which was tested with bright target conditions (Fig. 1) , provides a representative portrait of the effects of the above manipulations. Figure 2A depicts the neuronal response as a function of target orientation for the target-only condition, which reveals that the cell was narrowly tuned with a preference for lines oriented ϳ20°clockwise from vertical.
The data presented in Fig. 2B show the effects that an extra-CRF mask can have on the neuronal response to a CRF target. The icons depict the specific stimulus conditions used. First of all, it is abundantly clear that a surround mask of any variety used suppressed the response to the target [repeated measures ANOVA (F ϭ 7.40 P Ͻ 0.001) with LSD posthoc comparisons, P Ͻ 0.01]. Second, consider the effects of a surround mask that was of the same polarity as the target (i.e., bright). A mask oriented similarly to the target yielded suppression (R nc bar in Fig. 2B ) that was significantly stronger than suppression resulting from a mask with differently oriented line segments (R oc bar; P Ͻ 0.05). This pronounced orientation-specific masking effect corroborates previous claims (Knierim and van Essen 1992; Li et al. 2000) .
Third, turning the tables, consider the effects of polarity for a surround mask that was of the same orientation as the target. A mask with the same polarity as the target yielded suppression (R nc bar in Fig. 2B ) that was significantly greater than that resulting from a mask with a different polarity (R pc bar; P Ͻ 0.05). This novel finding constitutes a contrast polarity analog of the established orientation-masking phenomenon.
Finally, our experiment allowed us to examine the conjoint effects of orientation and contrast polarity cues. Figure 2B reveals that the degree of response suppression for a doublecue mask (R dc bar) was no different from the effects of either cue alone (R oc and R pc bars; P Ͼ 0.1 for each comparison). Thus, although masking responses remained suppressed relative to that elicited by the target alone (R to bar), we saw no evidence for an additional suppression relief that would be consistent with additive effects of the two cues. On the contrary, the pattern of suppressive effects seen in Fig. 2B bears the signature of a highly interactive system: an orientation difference resulted in reduced mask suppression when mask and target were of the same luminance contrast polarity (R nc and R oc bars), but not when mask and target were different polarities (R pc and R dc bars). Similarly, a polarity difference resulted in reduced mask suppression when mask and target were of the same orientation (R nc and R pc bars), but not when mask and target were different orientations (R oc and R dc bars). Figure 2C shows the PSTH for the target-only condition along with PSTHs for the two same-polarity masks. As expected, the cell responded strongly to the onset and offset of the target in the absence of a mask (R to ). The magnitude of the sustained component of the response to a target was significantly smaller when a same-polarity mask was present (R oc ), and even more so when the mask and target were of the same orientation (R nc ). Figure 2D shows the PSTH for the target-only condition with those for the two differentpolarity masks. The magnitude of the sustained component of the response to a target was smaller when a differentpolarity mask was present. However, the responses to same-(R pc ) and different-orientation (R dc ) masks were virtually indistinguishable throughout the entire epoch in which data were recorded. The cell displayed in Fig. 3 , which was tested with dark target conditions, exhibited behavior similar to that seen under bright target conditions (Fig. 2) and thus makes a case for generality across target contrast polarity. Figure 3A depicts the neuronal response as a function of target orientation for the target-only condition, which reveals that the cell was broadly tuned with a preference for lines oriented ϳ80°counterclockwise from vertical. The data presented in Fig. 3B reveal that suppression by a surround mask [repeated measures ANOVA (F ϭ 3.81, P Ͻ 0.01)] was strongest when its line elements were of the same contrast polarity and orientation as the target (R nc bar); the samepolarity mask elicited weaker suppression when target and mask were oriented differently (R oc bar; P Ͻ 0.01). Similarly, the suppression caused by a same-orientation mask was strongest when target and mask were of the same contrast polarity (R nc bar) and weakest when target and mask were of different polarities (R pc bar; P Ͻ 0.01). As was true for the bright target conditions, double-cue masks (R dc bar) yielded a degree of suppression that was indistinguishable from that caused by either single-cue mask (R oc and R pc bars; P Ͼ 0.5).
As for the bright target example shown above, PSTHs revealed that the suppression elicited by same-polarity masks ( Fig. 3C ) differed in magnitude between the no-cue (R nc ) and orientation-cue (R oc ) conditions. In contrast, responses to polarity-cue (R pc ) and double-cue (R nc ) masks (Fig. 3D ) appeared virtually indistinguishable throughout the entire epoch in which data were recorded.
Population data
The two neurons highlighted above exhibited suppression of the response to a target in the CRF when a mask was presented outside the CRF. The magnitude of this suppression was dependent on the relative orientation of target and mask as well as the relative contrast polarity of target and mask, such that suppression was relieved when target and mask differed along either dimension. The effects of the two cues were roughly equivalent, but the combination of cues yielded effects that were no different from either cue alone. We believe this pattern of effects to be representative of the neuronal population studied, and we have computed a number of measures to quantify these effects more broadly (see METHODS).
Bright target conditions
POPULATION AVERAGES. The average relative influences of orientation and contrast polarity cues are documented in Fig.  4A , which shows firing rates averaged across all neurons (n ϭ 124) tested with the five indicated bright target conditions. For each neuron, firing rate for the target-only condition (R to ) was arbitrarily set to 100. Responses obtained under the four indicated mask conditions (R nc , R oc , R pc , R dc ) were normalized to the target-only response. These population averages appear remarkably similar to data from the representative neuron shown in Fig. 2B : responses to the target were significantly suppressed (relative to target-only condition) by the presence of a simultaneously presented mask of any type [repeated measures ANOVA (F ϭ 25.03, P Ͻ 0.0001)] with LSD posthoc comparisons, P Ͻ 0.0001]. On average, however, mask suppression recovered significantly relative to that seen for the no-cue condition if target and mask lines differed either along the dimension of orientation (P Ͻ 0.0001) or contrast polarity (P Ͻ 0.05). The suppression caused by a double-cue mask was no greater than that caused by either cue alone (P Ͼ 0.4).
GMI REVEALS HIGH DEGREE OF RESPONSE SUPPRESSION. The GMI was designed to quantify for each neuron the influence of the extra-CRF mask, irrespective of the relationship between its physical attributes and those of the target. The GMI was derived by calculating the contrast between the response to the target-only condition (R to ) and the mean of the target responses for the four standard masking conditions (R nc , R oc , R pc , R dc ; Fig. 1 ). The GMI for bright target conditions is plotted in Fig.  4B . The GMI for the neuron highlighted in Fig. 2 is indicated by an arrow along the abscissa. A positive index means that, on average, masks yielded suppression of neuronal activity with respect to the responses elicited by the target-only condition. The plot reveals that the GMI was positive for the vast majority (81%, 101/124) of cells studied (mean ϭ 0.15; t ϭ 9.88, P Ͻ 0.0001).
SPECIFIC MASKING INDICES REVEAL RECOVERY FROM RESPONSE
SUPPRESSION. We computed four specific masking indices for each neuron (MI nc , MI oc , MI pc , MI dc ), which capture the observed differences between responses elicited by the targetonly condition (R to ) and those elicited by each of the four masking conditions (R nc, R oc, R pc, R dc ). These indices, which were computed as contrast measures (see METHODS), were compared with one another to evaluate the relative degrees of suppression caused by different mask types on a cell-by-cell basis. The means of the distributions for each index are indicated in Table 1A , along with the results of tests of FIG. 4. Summary of V1 population (n ϭ 124) responses and general masking effects for bright target conditions. A: bars represent neuronal responses normalized to target-only condition and averaged across cells, for each of the indicated masking conditions. Note that the y-axis starts at 50 to not obscure effects of masking. On average, the no-cue condition elicited the largest response suppression. Partial recovery from suppression occurred for both single-cue conditions. Recovery for the double-cue condition was similar to that for either cue alone. B: general masking index (GMI) reflects maskinduced suppression of the target response for individual neurons independent of the relative physical attributes of target and mask. GMI distribution was significantly biased toward positive values (mean ϭ 0.15; t ϭ 9.88; P Ͻ 0.0001), which indicates that mask-induced suppression is the norm. Data from the neuron highlighted in Fig. 2 are indicated by an arrow along the x-axis. significance (repeated measures ANOVA, LSD posthoc comparisons) for each paired comparison of distributions (6 pairs total). Consistent with the behavior of the cell exhibited in Fig.  2 , the mean of the distribution of MI oc is significantly smaller than that for MI nc . These data corroborate, at the population level, previous reports that the presence of an orientation difference between target and mask generally leads to recovery from masking suppression in V1 (e.g., Knierim and van Essen 1992; Li et al. 2000) . Similarly consistent with the cell exhibited in Fig. 2 , the mean of the distribution of MI pc is significantly smaller than that for MI nc . This difference supports, at the population level, our contention that the effects of cue differences on recovery from masking suppression generalize to the domain of contrast polarity. The distributions of MI oc and MI pc are indistinguishable, which confirms that the two cues lead to similar degrees of recovery from masking suppression for individual V1 neurons. As expected from the effects of solitary cue differences, the mean of the distribution of MI dc is significantly smaller than that for MI nc . A more telling evaluation of the effects of the double-cue mask comes from comparisons between MI dc and each of the two single-cue indices. As anticipated from the example neuron shown above ( Fig. 2A) , both comparisons failed to reveal a difference between the effects of single-and double-cue masks at the population level. Thus despite the fact that recovery from masking suppression was rarely complete under single-cue mask conditions, there was generally no additional relief afforded by the simultaneous presence of two segmentation cues.
TABLE 1. Means of the distributions for each specific masking index and results of tests of significant differences for each paired comparison of distributions (repeated measures ANOVA, LSD post-hoc comparisons) for bright target conditions (A) and dark target conditions (B)
(
Dark target conditions
Population averages and response indices obtained for neurons tested with a dark target (n ϭ 69) are shown in Fig. 5 , following the same format used in Fig. 4 for bright-target population data.
The average relative influences of orientation and contrast polarity cues are documented in Fig. 5A . Consistent with the representative neuron shown in Fig. 3B , the average response to the target was significantly suppressed (relative to targetonly condition) by the presence of a simultaneously presented mask [repeated measures ANOVA (F ϭ 27.16, P Ͻ 0.0001) with LSD posthoc comparisons, P Ͻ 0.0001]. On average, mask suppression recovered significantly if target and mask lines differed either along the dimension of orientation (P Ͻ 0.01) or contrast polarity (P Ͻ 0.01). The suppression caused by a double-cue mask was no greater that that caused by either cue alone (P Ͼ 0.1).
The GMI for dark target conditions is plotted in Fig. 5B . The plot reveals that the GMI was positive for the vast majority (84%, 58 of 69) of cells studied (mean ϭ 0.14; t ϭ 7.40, P Ͻ 0.0001). The GMI for the neuron highlighted in Fig. 3 is indicated by an arrow along the abscissa.
The means of the specific masking index distributions are indicated in Table 1B , along with the results of tests of significance for each paired comparison of distributions (6 pairs total). As for bright target conditions, the means of the distributions of orientation-cue, polarity-cue, and double-cue indices are significantly smaller than that for the no-cue index.
The orientation-and polarity-cue indices do not differ from one another, nor do they differ from the double-cue index.
Bright targets versus dark targets: withinneuron comparisons
The analyses described above reveal that many of the response characteristics and suppression effects seen for the population of cells tested with a dark target were similar, on average, to those for cells tested with a bright target. Examination of the subset of cells (n ϭ 43) that was tested with both target polarities revealed that this pattern of effects was nearly identical on a cell-by-cell basis. Specifically, when bright and dark target responses for each cell were normalized to those elicited by the respective target-only conditions, the four masking condition responses (R nc , R oc , R pc , R dc ) were not significantly different, on average, for bright and dark targets (paired t-test; P Ͼ 0.1, T Ͻ 1.4, for each of the 4 comparisons).
Is response suppression influenced by mask luminance?
The suppression effects showed herein and in previous studies (e.g., Knierim and van Essen 1992; Li et al. 2000) were FIG. 5. Summary of V1 population (n ϭ 69) responses and general masking effects for dark target conditions. A: bars represent neuronal responses normalized to target-only condition and averaged across cells, for each of the indicated masking conditions. Note that the y-axis starts at 50 to not obscure effects of masking. Pattern of effects closely resembles that seen for bright target conditions. B: as for bright target conditions, the GMI distribution was largely positive (mean ϭ 0.14; t ϭ 7.40; P Ͻ 0.0001). Data from the neuron highlighted in Fig. 3 are indicated by an arrow along the x-axis.
elicited by the presence of textured patterns that either raised or lowered the space-averaged luminance in the non-CRF. These luminance changes predictably altered the luminance contrast between the CRF and non-CRF, and we were compelled to consider the possibility that such contrast differences contributed to the observed response modulations. We believe this possibility unlikely, a priori, simply because the magnitude of suppression-when it was observed-was highly dependent on mask orientation. Furthermore, Sqautrito et al. (1990) sought and failed to find any effect of uniform surround luminance changes on responsivity and orientation tuning in monkey V1. Finally, if there were a contribution to suppression that stemmed from luminance contrast, it would arguably be irrelevant to many of our response comparisons, which largely focus on the relative degrees of suppression elicited by masks that differ from one another but have identical space-averaged luminance.
In any event, to fully evaluate a possible role for luminance differences between CRFs and non-CRFs, we included two luminance control conditions. In these conditions the spatial region normally occupied by the mask was of a uniform luminance that was elevated or lowered to equal the spaceaveraged luminance of either the bright or dark masks (i.e., 16 or 9.5 cd/m 2 ). Forty-four V1 neurons were tested under these conditions as well as using the standard stimulus set (Fig. 1) . The mean GMI for this subpopulation of neurons did not differ from that for the larger population (t-test, P Ͼ 0.1, T Ͻ 1.25), yet-consistent with the findings of Squatrito et al. (1990) responses to target stimuli were not suppressed by either of the uniform luminance changes applied to the non-CRF (paired t-test, P Ͼ 0.1, T Ͻ 1.4 for either comparison).
Timing of neuronal response modulation
Differences in the temporal dynamics of responses elicited by CRF stimuli under different contextual conditions have been used previously to draw inferences about the sources of modulatory signals and the underlying mechanisms (e.g., Bair et al. 2003; Knierim and van Essen 1992; Lamme 1995; Zipser et al. 1996) . To enable such inferences here, we performed a temporal analysis of spike rates for different stimulus conditions averaged across cells. To facilitate measurement of the timing of average spike rate modulations, we restricted this analysis to those cells that exhibited significant context-induced response suppression [i.e., the response to the target-only condition (R to ) was significantly greater than the response to the no-cue mask condition (R nc )]. PSTHs were normalized to the mean target-only spike rate for each cell and averaged across the population. Data obtained using bright targets (n ϭ 45 cells with R to Ͼ R nc ) are plotted in Fig. 6 (data from dark target conditions are similar).
Responses to CRF targets began ϳ40 ms after stimulus onset, regardless of the presence, absence, or type of mask (see Fig. 6B ). The target-only response (R to ) rose rapidly to FIG. 6. Average (normalized) PSTHs for bright target stimulus conditions reveal time-course of contextual influences. Data are shown only for neurons that exhibited a significant no-cue response suppression (i.e., R to Ͼ R nc ; n ϭ 45). PSTHs were normalized to the mean target-only spike rate for each cell and averaged across the population. PSTH bin width is 20 ms. Curves in A were smoothed using a sliding Gaussian kernel (SD ϭ 20 ms) to facilitate viewing of persistent differences between curves, which would otherwise be hampered by noise. Because this smoothing has the effect of slightly blurring events that occur sharply in time (e.g., response onset), key event times reported below and in the text were computed statistically from unsmoothed PSTHs binned at 10 ms (see METHODS). Curves in B were not smoothed and the time scale has been expanded to better show events occurring within the 1st 150 ms after stimulus onset. Again, for clarity in the plot, data were subsampled at 20 ms. Responses to CRF targets began ϳ40 ms after stimulus onset, regardless of the presence, absence, or type of mask. Target-only response rose rapidly to a transient peak and declined very gradually over the course of stimulus presentation. Responses to all masking conditions exhibited the same initial transient, but declined rapidly to a level equal to ϳ50 -60% of the initial peak. The no-cue condition yielded the greatest response suppression (relative to target-only response), which emerged approximately coincident with the initial transient response peak. Responses to masking stimuli containing only an orientation cue were initially suppressed to the same degree as the no-cue condition response, but later recovered partially. In contrast, responses to stimuli containing a polarity cue (single-or double-cue) exhibited a later suppression (or an earlier recovery from suppression), relative to the suppression/recovery timing seen for the orientation-cue condition. Mask stimuli without a CRF target elicited no change in neuronal activity (dotted lines), which confirmed their extra-CRF status. a transient peak occurring 70 ms after stimulus onset, and declined very gradually over the course of stimulus presentation. The responses to all masking conditions (R nc , R oc , R pc , R dc ) exhibited the same initial transient, but declined rapidly to ϳ50% of the initial peak. The single-(R oc , R pc ) and double-cue (R dc ) response curves stabilized at a level that was intermediate between the target-only and no-cue responses (see Fig. 6A ; as expected from mean response rates). [Note that for this analysis the temporal resolution was 10-ms per bin (see METHODS) and the timing information provided is conditional on this level of approximation. In  Fig. 6 , the data are plotted in 20-ms bins (and smoothed in Fig. 6A ) for clarity.]
There was, however, a revealing pattern by which responses to the different masking conditions diverged. The no-cue response (R nc ) began to diverge significantly (see METHODS for statistical criterion) from the target-only response (R to ) immediately prior to the transient peak (i.e., approximately 60 ms following stimulus onset). Interestingly, at this point of divergence, the polarity-cue (R pc ) and double-cue (R dc ) responses paired-off with the target-only response, whereas the orientation-cue response (R oc ) paired-off with the no-cue response (R nc ). The next significant event was separation of polarity-cue (R pc ) and double-cue (R dc ) responses from the target-only response, which occurred roughly coincident with the transient peak (ϳ80 ms following stimulus onset). Thus, at this early stage, the orientation-cue response remained indiscriminable from the no-cue response, although those masks containing a polarity cue (single or double-cue) already yielded a differential effect. Finally, at approximately 140 ms following stimulus onset, the response to the orientation-cue condition (R oc ) rose to a level above that for the no-cue condition. The magnitude of all responses declined gradually over the course of stimulus presentation but the ordinal position of the responses (targetonly largest, single-and double-cue intermediate, no-cue smallest) remained unchanged (Fig. 6A) .
Human psychophysical experiments
We conducted a psychophysical experiment with human subjects to determine whether stimulus conditions resulting in suppression of neuronal responses to targets would lead to corresponding changes in the perception of oriented stimuli. The task chosen for this purpose required subjects to make fine judgments about the orientation of a target line (see METHODS). These orientation judgments are presumed to depend on a high fidelity neuronal representation of target orientation (Mareschal et al. 2001; Wehrhahn et al. 1996) . Stimuli were centered at the mean RF eccentricity for our sample of V1 neurons (2.9°). Figure 7A contains orientation discrimination data obtained using the same set of five bright target conditions employed for FIG. 7. Human performance on orientation discrimination task. A: sensitivity (1/orientation discrimination threshold) to target orientation as function of the 5 bright target stimulus conditions (see Fig. 1 ). Only the no-cue mask had a deleterious effect on psychophysical performance. Performance in the presence of a mask possessing an orientation difference, a polarity difference, or both was indistinguishable from that for the target-only condition. B: sensitivity to target orientation as function of the 5 dark target stimulus conditions. As for bright targets, the greatest impairment in performance was seen for the no-cue condition. Performance improved, relative to the no-cue condition, in the presence of an orientation, a polarity cue, or both, although only the orientation cue alone yielded a recovery to target-only performance levels. C: comparison of neuronal and perceptual masking effects. Average neuronal firing rate (plain bars) and psychophysical sensitivity (textured bars) are plotted side-by-side for the 5 stimulus conditions. Both data sets have been normalized to target-only condition; data from bright and dark target conditions were pooled. Note that the y-axis starts at 50 to not obscure effects of masking. No-cue masks elicited the strongest masking effects for both neuronal and perceptual measures. Single-and double-cue masking conditions yielded increases in both neuronal firing rate and perceptual sensitivity. Neuronal and perceptual effects differed, however, in that average psychophysical performance decreased to about 60% of baseline (i.e., target-only performance level) when a mask without segregation-cue was present and increased to baseline in the presence of an orientation or contrast polarity cue (or both), whereas the average neuronal inhibition and recovery was only partial.
our neurophysiological experiments (see Fig. 1 ). Sensitivity (1/angular threshold for detection of an orientation difference) to the target-only condition (Fig. 7A, 1st bar) provided a reference point for comparison of the effects of different mask conditions. The only condition that yielded any significant decrease in sensitivity was that in which the mask was of the same orientation and contrast polarity as the target, i.e., the no-cue mask condition (2nd bar). Despite the continued presence of a mask, we found that sensitivity was completely restored if the mask and target lines were of different orientations (3rd bar), which corroborates previous reports (Wehrhahn et al. 1996) . We also found that sensitivity was completely restored when mask and target lines were of different contrast polarities (4th bar). The effects of the two cues on orientation discrimination were not cumulative, however; the recovery from suppression that was associated with a double-cue mask (5th bar) was no different from that associated with either cue alone (3rd and 4th bars). The effects of single-and double-cue masks on orientation discrimination for dark targets (Fig. 7B) were nearly identical to those seen for bright targets.
This general pattern of psychophysical masking effects is qualitatively similar to that seen for V1 neurons, as revealed graphically in Fig. 7C (data from bright and dark target conditions have been pooled). When psychophysical and neuronal measures of sensitivity are normalized relative to the effects of the target-only condition, one can see that the two single-cue conditions had comparable effects on both neuronal and perceptual measures and that cue interactions revealed by the double-cue condition were also comparable. There is, nonetheless, a striking difference between the neuronal and perceptual effects observed: the magnitude of mask effects appears much larger in the psychophysical performance than in the neuronal responses. A mask containing neither orientation nor contrast polarity cue reduced human performance about 40%, whereas the neuronal response suppression was on average about 25%. In addition, the presence of an orientation or contrast polarity cue, or both, was sufficient to return psychophysical performance to the baseline level (i.e., the target-only performance level). In contrast, the presence of one or both cues yielded only a partial recovery from mask-induced neuronal response suppression.
D I S C U S S I O N
The results of this study corroborate previous reports of the tendency for contextual stimuli to mask sensitivity to a target at both neuronal and behavioral levels. We have also confirmed that such masking is significantly reduced when mask and target are of different orientations, and we have shown that this mask recovery generalizes to luminance contrast polarity. Most importantly, we have documented the ways in which orientation and polarity cues interact to yield masking and mask recovery. In the remainder of this discussion, we address the relevance of our findings to other studies, as well as their functional significance and potential neuronal mechanisms.
Feature salience, discriminability, and neuronal response modulation
Image features that are physically distinct from their surroundings are more easily detected than those that are not (e.g., Beck 1972; Bergen and Julesz 1983; Treisman and Gelade 1980) . Abundant evidence also exists to conclude that specific attributes of image features distinguished in this manner are also more easily discriminable than are attributes of features that blend into their surroundings (e.g., Caputo 1996; Mareschal et al. 2001; Wehrhahn et al. 1996) . The psychophysical experiments in this study address the degree to which the perception of orientation is influenced by distinguishing contextual cues. Consistent with previous reports (Wehrhahn et al. 1996; Westheimer et al. 1976) , we found line orientation judgments to be impaired when the target line was imbedded in a surround composed of identical lines. This interference disappeared when the target line was distinguished from surrounding features, either by orientation or luminance contrast polarity differences.
A neural correlate of masking was initially reported for area V1 in primates by Knierim and Van Essen (1992) , who found that sensitivity to an oriented CRF stimulus was dependent on the relationship between the stimulus and the surround-an indistinct CRF stimulus, as defined by the lack of an orientation difference between the stimulus and surrounding features, yielded response suppression relative to a target-only condition. A distinct CRF stimulus, in contrast, yielded relief from suppression. Numerous subsequent studies have confirmed these effects (e.g., Cavanaugh et al. 2002; Lamme 1995; Levitt and Lund 1997; Li et al. 2000; Zipser et al. 1996) . These results reveal that similar effects occur for luminance contrast polarity.
This class of contextual influences from the non-CRF can be viewed as scaled-up multi-attribute versions of the contrast detection properties seen in center-surround CRFs and cortical simple cells (Albright 1994; Cavanaugh et al. 2002; Mareschal et al. 2001; Sceniak et al. 2001) . Unlike CRF contrast detection, however, the non-CRF effects are strictly modulatory: surrounding features in the non-CRF do not themselves elicit a change in neuronal spike rate. Rather, the gain of response to CRF stimulation is determined by the relationship between the CRF stimulus and surrounding features.
Cue interaction: sensitivity to one cue is modulated by the presence of another
In this study we assessed neuronal and perceptual sensitivity to an oriented target stimulus as we varied two dimensions of nontarget features (orientation and contrast polarity). Remarkably, we found that a polarity cue improved sensitivity to the target when an orientation cue was absent, but not when it was present, and vice versa. Similar cue interactions were observed by Croner and Albright (1999) and van der Smagt and van de Grind (1999) , who found that color and contrast polarity cues for segmentation facilitated motion processing when motion signals were weak, but had little impact when they were strong. Findings of this nature reinforce the view that multivariate contextual interactions are an essential element of visual processing (see Albright and Stoner 2002 for review), they suggest that notions of selective information channeling in visual cortex (e.g., Livingstone and Hubel 1987) are inadequate, and they stress the value of experimental approaches that include such contextual manipulations.
Form-cue invariant contextual effects?
There are a number of object qualities, such as size, location, form, and motion, that possess no inherent relationships with the diverse cue differences that coincide with an object's boundaries in space. It follows that visual system functions reliant on such object-based qualities must be sensitive to multiple cues for object definition, but they must also disregard cue diversity (Stoner and Albright 1993) . In practice, the characteristic signature of a "form-cue invariant" (Albright 1992) process is a logical OR operation, in which cues elicit equivalent noncumulative effects. The masking effects seen in these present experiments qualify as form-cue invariant, at least for the range of cues tested. [Note that this does not necessarily apply to all cues. van der Smagt et al. (2002) have found linear summation for color and orientation in a different, but similar, experiment.] These conclusions regarding formcue invariant contextual effects must be qualified by noting that, although the different cues used have similar effects on mean response rates, there are clearly differential effects on response dynamics-at least for orientation and polarity cues (Fig. 6) . We have used these temporal effects to guide our thoughts on mechanisms (see below); it remains to be seen whether they have any functional significance.
Comparison of neuronal and perceptual effects of context
Our experiments afforded an unprecedented opportunity to examine the relative effects of different masking conditions on the neuronal and perceptual representations of orientation. We assessed these representations by different means, however. It is worth considering the extent to which these differences bear on our conclusions.
Our neurophysiological and psychophysical measurements differed in that the former consisted of response magnitudes and the latter were angular discrimination thresholds. Although we do not yet understand the precise causal relationship between response magnitude and discriminability, it is certainly plausible that orientation-dependent responses become less discriminable when overall response rates decline-by either altering the slope of the shoulders of the orientation-tuning curve or reducing the signal-to-noise ratio. In any event, the remarkable qualitative similarity between neuronal and perceptual patterns of masking and masking relief argues for a causal link.
There are, however, quantitative differences between these effects: 1) the inhibition caused by a mask without additional cues appears almost twice as strong in human observers compared with the individual V1 neurons, and 2) the masking relief brought about by the presence of an orientation and/or contrast polarity cue is only partial (relative to target-only response) for individual V1 neurons, whereas it is complete for human observers. At present, there are no certain conclusions one can draw from these quantitative differences. However, we offer the following speculations.
To begin with, recall that the neuronal measure is one of response magnitude, whereas the perceptual measure reflects discriminability. To evaluate the relationship between the two measures, we began by normalizing each relative to the effects of the simplest stimulus used, i.e., the target-only condition (Fig. 7C, leftmost pair of bars) , and then causally linking the two measures at that reference point. Rigorous interpretations of neuronal versus perceptual response deviations from this reference point are inherently problematic because we have no independent means to verify the scaling relationship between the two measures. Thus one can only assume for now that the observed 74% of target-only neuronal response elicited by the no-cue mask is what naturally gives rise to the observed 60% of target-only perceptual response to the same stimulus. Given this mapping, the complete relief from masking that we have observed perceptually in the presence of orientation and/or polarity cues may be accounted for by supposing that neuronal activity is pooled to minimize the influence of neuronal noise (Croner and Albright 1999; Shadlen et al. 1996) . According to this hypothesis, the partial masking recovery seen for individual neurons yields complete recovery at the neuronal population level and thus complete perceptual relief from masking. Our hypothesis also supposes a perceptual response "ceiling," which corresponds to the target-only level of performance, such that any greater neuronal activity does not lead to a greater perceptual response. The concept of such a ceiling is supported by the additional paradoxical observation that the target-only neuronal response gives rise to the same level of perceptual performance as does the much smaller neuronal responses elicited by single-cue or double-cue mask conditions Fig. 7C .
It may also be the case that differential allocation of attention contributes to the aforesaid quantitative differences between perceptual and neuronal data. Specifically, in the psychophysical experiments, attention was most likely directed at the target, whereas in the neuronal experiments, it was most likely directed at the fixation spot. This seems an unlikely explanation for the larger inhibitory effect of the no-cue condition observed psychophysically (relative to the neuronal effect size), however, as allocation of attention generally improves psychophysical performance instead of impairing it (e.g., Posner 1980) . Moreover, the effect of differential allocation of attention on neuronal responses in area V1 is still a subject of much debate (e.g., Moran and Desimone 1985; Roelfsema et al. 2004) . In any event, it is worth noting that attention was (roughly speaking) a constant within each set of experiments. Our goal in this study was to compare results across the different stimulus conditions within each set of experiments (i.e., across stimulus conditions for which attention was unchanging). The interesting outcome was that the results of these inter-condition comparisons were relatively similar for the neuronal and psychophysical experiments, despite the fact that attention was invoked differently.
Mechanisms of masking and segmentation: where do contextual signals originate?
Contextual influences of the sort seen in this study clearly require that visual information be integrated across space in a feature-specific manner. The relevant signals are believed to arise either via feedback connections from more central visual areas or via long-range horizontal connections within a given visual area (Allman et al. 1985; Lamme et al. 1998; Stettler et al. 2002) . The intra-areal hypothesis is supported in part by evidence indicating that the long-range horizontal connections in area V1 tend to connect cortical domains of similar orientation and convey orientation-specific signals (Bosking et al. 1997; Gilbert and Wiesel 1990; Kisvarday et al. 1997; Malach et al. 1993; Stettler et al. 2002) , and their influence can be inhibitory (McGuire et al. 1991) . In addition, it is well known that luminance increments and decrements are processed by separate channels that originate with ON-center and OFF-center retinal ganglion cells (Famiglietti and Kolb 1976; Schiller 1992; Wiesel and Hubel 1966) and remain largely segregated up to area V1 (Horton and Sherk 1984; Hubel and Livingstone 1990; Schiller 1984; Schiller et al. 1986 ). This early segregation of contrast polarity signals is thus also compatible with a contextual signal that is intrinsic to area V1.
In previous studies, the temporal dynamics of non-CRF suppression and relief from suppression have revealed consistent patterns, which have also been used as evidence for the origin of contextual signals. Our data are similar, for example, to those of Knierim and Van Essen (1992) as well as Li et al. (2000) , who found that target-only responses diverged on average from no-cue responses by the time of the initial response peak. Interestingly, we found that the timing of response suppression and recovery differed depending on whether the contextual cue was orientation or contrast polarity (see Fig. 6 ). We believe that this pattern can be accounted for conceptually by a model based on intrinsic horizontal connections in area V1 that manifest both same-orientation inhibition and different-polarity excitation. In principle, both are contextual signals that will elevate CRF responsivity in the presence of center-surround contrast, but the differential sources of these hypothesized signals allows for differential timing and magnitudes of their respective effects on CRF responses. Alternatively, the surround modulatory signals may reflect feedback projections from higher cortical areas (Bair et al. 2003) , such as V2, which convey orientation and polarity-specific information.
